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Abstract 
This study presents a fast-calculating building optimization method for the early design stages in building renovation. 
It is used in combination of Climate Surface calculation method for predicting heating and cooling energy demand. 
The advantage of the presented calculation method is its short calculation time. The use of the Climate Surface 
method enables the application of holistic building optimization methods in the early design stages, where 
optimization methods based on dynamic simulation tools are too time consuming. The purpose of this study is to 
demonstrate the advantages of the Climate Surface method in applications where many building predictions are 
needed as in holistic optimizations and in statistical evaluations like Monte Carlo simulations. In this study, an 
improvement of the Climate Surface is demonstrated and the accuracy and calculation time of the Climate Surface 
method is compared to the dynamic simulation software EnergyPlus. Statistical error indicator methods are used to 
verify the accuracy of the Climate Surface Method. The Equi-Marginal building optimization method is applied in 
combination with the Climate Surface to illustrate its reliable and fast calculation results. Evaluation criterion for the 
optimization process is the Life Cycle Cost. The results show that the presented optimization achieves reliable 
calculation results in a reasonable time period for early design stages. 
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1. Introduction 
Large energy demand reductions in buildings can be achieved at early design stages in the planning 
process through the comparison of different influencing parameter settings for the building envelope and 
technical systems [1]. When a building is to be designed or renovated, it is often not clear which part of 
the building envelope or technical system is most effective to renew, improve, or replace. Therefore, a 
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holistic building optimization is the best way to find an economical set of recommendations with the 
greatest savings [2].  
Such algorithms are computationally costly because numerous varying parameter settings must be 
compared. To meet economic requirements in the early design stages, the algorithm needs to pair a 
reduced calculation time with reliable precise calculation results.  
Optimization algorithms using static calculation methods to predict the energy demand of a building are 
fast, but do not include building thermal dynamic factors like internal thermal mass effects, natural 
ventilation, or night ventilation [3]. Also, interactions between different energy demand influencing 
parameter settings are not considered. Therefore, static calculation methods should not be used for 
building optimization problems, which must consider these interactions to obtain precise and reliable 
results. 
To address interacting parameter problems, building optimization algorithms using thermal dynamic 
building simulation methods, such as DOE2, EnergyPlus, and Trnsys, have been introduced into the 
scientific community [4]. The advantage of these methods is that they consider time-correlations, thermal 
mass effects, and interactions between building parameters. Furthermore, their predictions for energy 
demand calculations are more precise than the static calculations. However, thermal dynamic building 
simulations are very time consuming because the room condition is calculated for each hour of a 
reference year. Building optimization algorithms and statistical Monte Carlo simulations based on these 
methods are highly computationally expensive because a large number of simulations are needed to find 
the optimum [5].  
A promising solution to this dilemma is found in the Climate Surfaces calculation method. This method 
is a fast energy demand calculating method introduced by Burmeister and Keller [3]. The major 
advantage of the Climate Surfaces calculation method is that it combines the precision of a dynamic 
calculation method with a fast static calculation method. The concept is based on dynamic pre-
simulations providing climate and building type specific data displayed in a matrix. Once the matrix is 
calculated, the method does not need weather data information for each hour in the year to predict the 
energy demand of a building and is therefore much faster than conventional dynamic simulation 
programs. Employing the pre-simulated matrix, energy demand calculations can be calculated quickly (in 
seconds) by using only three building specific physical parameters.  
In the present study, the Climate Surface calculation method is improved to achieve more accurate 
results. Statistical Error indicators are applied to verify the results of the Climate Surface method. The 
method is compared to the thermal dynamic simulation program EnergyPlus. The Climate Surfaces 
method is combined with a sequential multi-parameter building optimization algorithm to illustrate its 
calculation speed and performance. The sequential optimization algorithm, based on the equi-marginal 
principle in microeconomics, is used to find the optimal combination of window type, wall insulation, 
shading, infiltration, and natural ventilation.  This approach is tested at a model office building in four 
climate zones in the United States. Evaluation criterion is the Life Cycle Cost analysis including the Net 
Present Value [6]. 
2. Methods 
2.1. Climate Surface Method 
The Climate Surface method is a universally valid strategy to predict the heating and cooling energy 
demand of a room. It is an analytical tool based on the energy balance equation for the calculation of the 
free run temperature. The idea of the Climate Surface is to extend the heating and cooling degree days 
used in static calculations, with the dynamic factors of heat gain and internal thermal storage. It is 
 Lars Junghans /  Energy Procedia  57 ( 2014 )  2005– 2013 2007
necessary to provide a range of heating and cooling degree-days that reflect the dynamic influence of 
solar gains, internal gains, and internal thermal mass effects.  
To keep the advantages of a fast calculating method in the Climate Surface, the energy balance 
equation is split into three physical parameters of the building or room: (1) the specific time constant, W, 
(2) the gain-to-loss ratio, J and (3) the building specific metrological function.  
The specific time constant is calculated by the heat capacity C divided by the heat transfer K. The gain-
to-loss ratio is calculated by the heat gain coefficient G divided by the heat transfer K.  The time constant 
W and the heat to loss ratio J include fast-to-calculate equations and already include the most relevant 
parameters for the building optimization. Only the building specific metrological function includes 
dynamic parameters, which are calculated dynamically by using the hourly weather data. The dynamic 
metrological function includes external temperature and solar radiation and is calculated in a pre-
simulation process as a function of the time constant and the gain to-loss ratio. The energy demand for 
heating and cooling can be calculated by multiplying the Climate Surface matrix value with the heat 
transfer value K. Climate Surface predicts energy demand values for heating and cooling normal to the 
surface area. The pre-calculated matrix replaces the hourly weather data in conventional simulation tools.  
Figure 1. Example for Climate Surface matrix for heating and cooling 
 
 
The heat transfer factor used in the Climate Surface is calculated by: 
K  ( Ae xUe n xV x c /3600)¦
Ai¦       (1) 
 
The heat gain factor is calculated by: 
G  ( Ae x g)¦
Ai¦         (2) 
The time constant Wis calculated by: 
W  C
K
          (3) 
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The gain-to-loss ratio Jis calculated by: 
J  G
K
          (4) 
The main advantage of this method is that the use energy demand for heating and cooling can be 
derived very easily with known quantities for the matrix for the omega value depending on the time 
constant (W) and the gain-to-loss ratio (J). These values can be calculated by using simple equations 
known from static power and energy demand calculations.  
In the present study, the original structure of the Climate Surface is extended by (1) how the diffuse 
radiation is calculated and (2) how the influence of the heat transfer is calculated to derive the Climate 
Surface matrix for cooling.  
The diffuse radiation is calculated by using the sky model for diffuse radiation on a vertical surface 
introduced by Perez [7]. The sky model has the advantage over conventional models because it is more 
precise for the diffuse radiation on vertical surfaces.  
2.2. Improvement of the original Climate Surface method 
The values in the pre-simulated matrix of the Climate Surface method are representing the sum of 
annual temperature differences. It also includes solar gain effects, in addition to temperature differences 
between internal and external temperature. The original version of the Climate Surface only considers the 
temperature difference for the matrix when the internal temperature goes above or below the maximal or 
minimal comfort temperature setting. It does not include cooling effects caused by relatively high heat 
transfer values in time intervals, where the external temperature is below the comfort level. This absence 
results in inaccurate predictions of the heating and cooling energy demand. The here presented improved 
Climate Surface method accounts for this by introducing a load reduction factor. This load reduction 
factor is integrated into the pre-simulation process of the climate surface for heating and cooling and is 
integrated into the specific metrological function calculation. It will reduce the internal temperature by 
multiplying the temperature difference between the internal and the external load to the heat transfer 
value K. 
2.3. Comparison with EnergyPlus simulation software 
The use energy demand for heating and cooling is calculated with the improved Climate Surface 
method and the thermal dynamic simulation software EnergyPlus for a test room with identical 
dimensions and physical properties. The test room has a south orientation in the four United States 
locations of Madison, Wisconsin; Ann Arbor, Michigan; and Houston, Texas. The energy demand is 
calculated for the parameter settings for the building envelope and includes the insulation, infiltration, and 
glazing type. Each parameter setting is combined to achieve a large variety of data. The parameter 
settings are listed in Tab.1. The number of value pairs is N = 100 for each location. 
The accuracy of the Climate Surface method is determined using the statistical indicators of Mean 
Percentage Difference (MPD). MPD demonstrates the model’s mean difference to the outcome of 
EnergyPlus. The definition is: 
 
MPD  (Qep Qcs)¦
Qep x N x100        (5) 
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Although the building simulation software evaluation tool BESTEST introduced by the National 
Renewable Energy Laboratory NREL [8] in the year 1995 might seem to be the obvious choice for 
verification, it is not suitable for this study. BESTEST is based on a room model with openings to two 
orientations. The here presented version of the Climate Surface method assumes a single opening to only 
one orientation. The statistical approach via MPD is the same in both methods. 
2.4. Optimization Method 
The sequential Equi-Marginal optimization method (EO) is used as the building optimization method 
[9]. This method is useful for building renovation because it provides the marginal benefit of the 
investment of a renovation strategy. This method also ranks the recommended renovation strategies 
according to their reduction of energy demand or Life Cycle Cost. Decision makers are able to find the 
balance between the long-term Life Cycle Cost and the short-term investment. This method is chosen for 
this study because the results of the optimization process are important in the early design stage where 
fast calculations are needed. The optimization method is derived from user behaviour analysis in 
microeconomics and evaluates the marginal benefit per dollar unit of different goods in a sequential 
approach. It searches the good with the largest benefit in each iteration step. The chosen good in the 
previous iteration receives an additional quantity unit and is compared to the other goods in the search 
space. The quantity of each good is counted and the resulting combination of goods represents the 
maximal total utility with the largest benefit for the consumer. The optimization method is adapted to the 
specific needs in building renovation. 
The Equi-Marginal optimization method is applied by using energy demand data predicted by the 
Climate Surface method and the EnergyPlus software. The goal is to compare (1) the calculation time and 
(2) the recommended renovation strategies. 
2.5. Example office Building 
A small office building located on the Central Campus at the University of Michigan in Ann Arbor is 
used as a reference building. It is a small five-story office building with offices oriented to each major 
geographical orientation. A typical one-person office room in the building is set up as a reference single 
thermal zone. It is occupied between 9 AM and 6 PM. The rooms are equipped with a drop ceiling and 
walls made of gypsum.  
2.6. Composition of thermal zones 
The presented model is designed to operate four pre-calculated Climate Surface matrices. A Climate 
Surface matrix is prepared for the north, south, east, and west orientation. A one-person office room is 
taken for reference to calculate the Climate Surface matrix for the four thermal zones of the building. For 
each parameter study, the heat transfer (K) and the gain (G) is calculated. The use energy demand for 
each thermal zone is derived by using the pre-simulated Climate Surface matrix. The total energy demand 
of the building can be calculated when the area of the thermal zones is known. The heat transfer (K) is 
extended for rooms with additional area exposed to the external like corner rooms with an opaque 
sidewall and rooms with an external roof.  
2.7. Proposed renovation strategies 
The non-renovated office building has an external wall with a U-value of 1.5 W/m2K and a single 
glazing with a U-value of 5.2 W/m2K and an SHGC of 0.78. It has an air change rate for infiltration of 
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0.45 1/h and has no active shading devices. The renovation strategies include the replacement of the 
glazing, the improvement of the wall insulation, the integration of a movable shading device, and the 
improvement of the façade air tightness. The renovation cost is derived from the commercially available 
software RSMeans [10]. Table 1 gives an overview of the proposed renovation strategies with the 
predicted investment cost. 
Table 1. Proposed renovation strategies and investment cost 
Renov. Strategy Parameter settings    
Wall  Not_reno. w 0.76 w .5 w 0.38 w0.30 w0.25 
 U-value [W/m2K] 1.7 0.76 0.51 0.38 0.30 0.25 
 Investment [$/1000] 0 55.6 84.3 113.0 141.8 170.5 
Roof   Not_reno. r 0.76 r 0.5 r 0.38 r0.30 r0.30 
  U-value [W/m2K] 1.7 0.76 0.51 0.38 0.30 0.25 
 Investment [$/1000] 0 52.4 80.4 102.3 161.1 189.1 
Floor  Not_reno. f 0.76 f U0.5 f 0.38 f0.30 f0.30 
 U-value [W/m2K] 1.7 0.76 0.51 0.38 0.30 0.25 
 Investment [$/1000] 0 52.4 80.4 102.3 161.1 189.1 
Shading  Not_reno. internal Exter.1 Exter.2   
 SC 1 0.45 0.25 0.21   
 Investment [$/1000] 0 42.4 106.0 169.6   
Glazing  Not_reno. g2.8/62 g2.8/37 g1.6/31 g1.6/62 g1.2 
 U-value [W/m2K] 5.2 2.74 1.74 1.57 1.66 1.2 
 SHGC 0.72 0.62 0.37 0.31 0.62 0.52 
 Investment [$/1000] 0 145.8 145.8 154.9 185.9 241.7 
Air Tightness Not_reno. Ach0.25 Ach0.12    
 ACH [1/h] 0.4 0.25 0.12    
 Investment [$/1000] 0 5.4 29.6    
 
3. Results 
3.1. Improvement of Climate Surface 
Figure 2 a-c) illustrates the comparison of the energy demand values predicted by Climate Surface and 
the EnergyPlus software. The Mean percentage difference is calculated for the non-improved and the 
improved Climate Surface method. The accuracy of the heating energy demand can be slightly improved 
by the improvement of the CS in all three climates. The improvement for the cooling energy demand 
prediction is much larger than for the heating energy demand. For Madison, the MPD is 15.36 % with the 
non-improved method and 5.95 % with the improved method. For Ann Arbor and Houston, the MPD can 
be reduced from 13.22 % to 6.88 % and from 16.74 % to 5.77 %, respectively.  
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3.2. Statistical indicators 
Figure 2 shows that the mean percentage deviation for the heating energy demand is larger than for the 
cooling energy demand for all three climates. The mean percentage difference indicator illustrates values 
for the heating energy demand of 15.25% for Madison, 13.22% for Ann Arbor, and 16.74% for Houston. 
For the cooling energy demand these values are 5.95% for Madison, 6.88% for Ann Arbor, and 5.77% for 
Houston. A maximal deviation is calculated for the heating energy demand with 29.20% for Madison, 
26.56 % for Ann Arbor, and 28.33 % for Houston.  
These deviations of the heating energy demand values calculations are relatively high when comparing 
the Climate Surface method to EnergyPlus. The documentation of the TESBEST [8] indicates, in general, 
that large differences exist between the energy demand prediction tools. The mean percentage difference 
between the tools tested in TESBEST for the heating energy demand is 28 % and for the cooling energy 
demand is 37 %. 
Figure 2. Use energy demand calculated with Energy Plus and Climate Surface 
 
3.3. Optimization 
Figure 3 a-c) shows the results of the optimization process for the three locations. For Madison, the first 
renovation strategy recommended by the optimization method was to add the internal shading device. The 
next recommended strategies were to improve the façade air tightness by 25%, to replace the glazing with 
glazing 1 with an U-value of 2.8 W/m2K, and to add thermal insulation with one inch of insulation. A 
global optimal solution for the lowest LCC can be found with an external shading device, two inch of 
insulation, and replacing the glazing with a sun protection glazing.  
For Ann Arbor, the most recommended renovation strategy was to add an internal shading device. The 
next recommended strategies were to improve the facade air tightness and to replace the glazing. Another 
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recommendation was to add two inches of insulation at the roof and one inch at the external wall. These 
strategies would reduce the LCC, but the marginal benefit of these strategies is diminishing. 
For Houston, the most recommended renovation strategy was to improve the building air tightness. The 
next recommended strategies were add internal shading and to replace the glazing. Another 
recommendation was to add one inch of insulation. 
 
Figure 3. Results of the simulation process 
 
 
3.4. Calculation time 
Table 2 illustrates the recommended building renovation strategies for each location and the 
computation time of the building optimization method. It shows that both energy demand calculation 
methods give the same recommendations for the building optimization in each climate. For Madison, the 
computation time was 784 seconds for the CS method and 32145 seconds for the EnergyPlus software. 
Similar computation times were achieved for Houston. For Ann Arbor, with the largest number of 
calculations, the optimization calculation needed 1404 seconds for the CS method and 51378 for the 
EnergyPlus software.  
Table 2. Recommendation and simulation time of building optimization  
Location 
 
Method Window 
U value 
[W/m2K] 
 
SHGC 
[-] 
Shading Window 
wall        roof   floor 
[W/m2K] 
Infiltration 
 
[ACH] 
No. of 
Simul. 
Calculation 
Time 
[sec.] 
Madison EnergyPlus 2.8 0.37 external 2 0.76 1.7 1.7 1.2 130           32145  
 CS 2.8 0.37 external 2 0.76 1.7 1.7 1.2 130 784  
Ann Arbor EnergyPlus 2.8 0.37 external 2 0.5 1.7 1.7 1.2 234 51378  
 CS 2.8 0.37 external 2 0.5 1.7 1.7 1.2 234 1404  
Houston EnergyPlus 2.8 0.37 external 2 1.7 1.7 1.7 1.2 130 31378  
     CS 2.8 0.37 external 2 1.7 1.7 1.7 1.2 130 768  
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4. Conclusion 
The Climate Surface energy demand calculation method was compared to the thermal simulation 
software EnergyPlus. A building optimization method was used to evaluate the climate surface method 
for accuracy and computation time. The results show that the improvement of the Climate Surface 
method predicts more accurate results for the heating and cooling energy demand. It also shows that the 
improved Climate Surface calculation method delivers accurate results for the heating and cooling energy 
demand. The computation time for the building optimization was significantly shorter when the Climate 
Surface method was used. Building optimization based on the Climate Surface calculation method is 
useful for the application in early building design steps with time and budget constraints. And it is a 
useful tool in applications where a huge number of energy demand prediction calculations are needed like 
in holistic building optimizations and Monte Carlo simulations. 
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Nomenclature 
Ae external area of thermal zone [m2] 
Ai internal area of thermal zone [m2] 
G annual heat gain factor [-] 
g solar heat gain coefficient at time step [-] 
K  heat transfer factor [W/m2K] 
Qep Use energy demand predicted by EnergyPlus [kWh/m2a] 
Qcs Use energy demand predicted by ClimateSurface [kWh/m2a] 
W time constant [s] 
J gain to loss ratio [-] 
